Introduction

Analysis of restriction
sites allows large regions of DNA to be sampled for nucleotide sequence diversity. The potential of restriction-endonuclease analysis for measuring genetic variability in natural populations has begun to be realized by population geneticists (Avise et al. 1979; Jeffreys 1979; Brown 1980; Wyman and White 1980; Langley et al. 1982) . The alcohol-dehydrogenase-gene (Mh) locus of Drosophila is a model system for studying the processes of molecular evolution. The molecular genetics ofAdh is well characterized in D. melanogaster (Goldberg 1980; Benyajati et al. 198 1, 1983; Goldberg et al. 1983; Kreitman 1983) . The Adh locus in this species has two common protein variants in populations (Johnson and Denniston 1964) . Langley et al. (1982) and Aquadro et al. (1986) have carried out detailed restriction analyses of the Adh region of D. melanogaster and found that any two randomly chosen chromosomes differ at one in every 166 nucleotides and that one in 37 nu-cleotides is polymorphic when 48 lines are studied. They also have found strong nonrandom associations between the two major Adh electromorphs and restriction sites that flank the gene. In addition, they have noted that 80% of the second chromosomes carry one or more sequence length variants in the Adh region.
The comparative genetics of Drosophila species has given considerable insight into the latters' evolutionary biology. Sturtevant and Tan (1937) used linkage maps for visible mutants to establish homologies between chromosomes in D. melanogaster and D. pseudoobscura. McDonald and Avise ( 1976) noted differences in the developmental expression of Adh among several Drosophila species groups. Comparison of DNA sequences and restriction maps of Adh within D. melanogaster and among closely related species (Langley et al. 1982; Kreitman 1983; Bodmer and Ashburner 1984; Cohn et al. 1984) have clarified evolutionary relationships and revealed evidence of purifying selection. Comparison of the D. meZanogaster sequence to the homologous sequences of the more distantly related D. pseudoobscura (S. W. Schaeffer and C. F. Aquadro, unpublished results) have supported these results and highlighted regions of selective constraint, including a new gene 3' to Adh. We present here a restrictionendonuclease analysis of the Adh region in D. pseudoobscura, D. persimilis, and D. miranda to provide estimates of nucleotide variability and divergence within and among these species and to allow comparison with similar measurements in D. meZanogaster and its close relatives.
Material and Methods
Samples
Twenty-two isofemale lines from the pseudoobscura subgroup of the obscura species group were studied (table 1). Nineteen lines of Drosophila pseudoobscura were sampled from a single population at the Rainbow Orchard in Apple Hill (AH), California, in October 1982. An additional line of D. pseudoobscura from Bogota (BogER) was collected in 1979 by Dr. Hugo Hoenigsberg. The D. miranda line was collected in California by Drs. John and Betty Moore in 1977. The D. persimilis line is a mutant strain for orange eyes from the Drosophila species stock center. Each isofemale strain was inbred by brother-sister matings for 20 generations in an effort to make the Adh region homozygous. Nonetheless, several strains remained heterozygous, since we found in them a combination of restriction-map patterns from two divergent haplotypes. If the frequencies of the two haplotypes within a line were extremely different, the two haplotypes could be resolved, as in the case of AH172 and AH9 1. However, for two other lines, the two haplotypes were present in similar frequency and the pattern could not be resolved into two haplotypes. Hence, these two lines were excluded from the analysis.
Clone Isolation
Several loci in D. pseudoobscura show alcohol dehydrogenase (ADH) activity on electrophoretic gels; according to Chambers et al. ( 1978) , the gene homologous to Adh in D. melanogaster is the Adh-I locus described by Singh (1976 
Restriction site coordinates (see fig. 1 ) are as follows: a, b, c, d, e, f, g, h, i, j, ; k, Hind111 -5.1; 1, EcoRI -4.3; m, XbaI -2.4; n, EcoRI -2.4; o, Hind111 -1.8; p, Hind111 -1 S; q, EcoRI -0.4; r, Hind111 2.1; s, XhoI 3.3; t, EcoRI 3.5; u, Hind111 3.5; v, XbaI 5.8; w, EcoRI 7.0; x, Sal1 9.3; y, XhoI 9.5; z, BumHI 13.7; and a', EcoRI 14.1.
position. The homologous BamHI site in D. pseudoobscura has been lost (as determined on the basis of sequence data [S. W. Schaeffer and C. F. Aquadro, unpublished results] ). Nonetheless, we used the homologous location of the BamHI site in D. pseudoobscura as the zero position and numbered bases in the Adh region accordingly. The Adh6 probe hybridizes to sequences extending 16.1 kb upstream from Adh and 2.8 kb downstream from Adh. To examine the region 3' to Adh, we isolated a second clone, Adh8, which consists of the 10.2-kb Sal1 fragment from the BogER strain in an EMBL3 phage vector ( fig. 1 ). This clone was isolated from an EMBL3 library (Frischauf et al: 1983) constructed from a complete Sal1 digest of genomic DNA from the BogER strain. The 1 .&kb BamHI fragment from the 3' end of Adh6 was used as a probe to isolate this clone. The protocols used for phage propagation and isolation of DNA from phage are those of Maniatis et al. (1982) .
Restriction Analysis
We isolated genomic DNA from l-2 g of flies from each isofemale line according to the protocol of Bingham et al. (198 1) . Each line was mapped for the following restriction endonucleases, each recognizing a 6-bp sequence: BarnHI, EcoRI, HindIII, SaZI, XbaI, and XhoI (commercially available from Bethesda Research Laboratories). Total genomic DNA ( l-2 pg) was digested with each of the six restriction endonucleases according to the method described by Maniatis et al. (1982) . Restriction fragments were separated by size on 0.8% agarose gels (McDonell et al. 1977) . DNA fragments were transferred to nylon filters (Zetabind, commercially available from AMF Cuno) by means of the technique of Southern (1975) . Hybridization, washing, and autoradiography of the filters were carried out according to the procedure of Wahl et al. ( 1979) . The A& region of D. pseudoobscura was probed with the 15.2-kb clone, Adh6, and the 10.2-kb clone, Adh8. These clones probe a 32-kb region extending 16.1 kb and 14.3 kb to the 5' and 3' ends, respectively, of the adult transcript of Adh.
Results
Nucleotide-Substitution Variation
Restriction-endonuclease-site maps for the 32-kb Adh region of Drosophila pseudoobscura, D. persimilis, and D. miranda are shown in figure 1. The 27 variable and 16 monomorphic sites are indicated for the D. pseudoobscura lines. Presence and absence of sites polymorphic within D. pseudoobscura are indicated for each line in table 1. We will refer to these multisite genotypes as haplotypes. For the AH population of D. pseudoobscura, we estimate per-nucleotide heterozygosity (H) and polymorphism (p) to be 0.026 and 0.076, with SDS of 0.005 and 0.0 15, respectively. These estimates were calculated using equations 7, 11, and 19 from Hudson ( 1982) and equation 11 from Ewens et al. (198 1) . Estimates of these parameters by other approaches (e.g., those of Engels [ 198 l] and Nei and Tajima [ 198 I]) give essentially the same results. The heterozygosity estimate for D. pseudoobscura is fourfold higher than that reported for a 13-kb segment of the Adh region in the Rhode Island population of D. melanogaster by Aquadro et al. ( 1986) , who found that H = 0.006 with an SD of 0.001. Other D. melanogaster populations showed levels of variability consistent with that of this Rhode Island sample (Aquadro et al. 1986; Kreitman and Aquade 1986) .
Including only those restriction sites that are within the same 13-kb region sampled by Aquadro et al. ( 1986) in D. melanogaster gives estimates for D. pseudoobscura that are virtually the same as those for the 32-kb region (H = 0.023 and p = 0.068, with SDS of 0.006 and 0.0 17, respectively). The differences in variability estimates between D. pseudoobscura and D. melanogaster do not appear to be biased by the restriction enzymes used, since recalculation of enzymes common to both studies yields differences of the same magnitude. Thus, the population of D. pseudoobscura sampled seems to harbor more nucleotide sequence variation in the Adh region than does D. melanogaster.
Sequence length variation was restricted to only two lines, both with insertions -6 kb upstream from Adh. The AH69 line had an insertion of -50 bp between -7.1 and -7.5 on the restriction map ( fig. 1 ). The AH165 line had an insertion of 200 bp between coordinates -8.1 and -10.6. (Note that these variants are referred to as insertions simply on the basis of comparison to the most common restriction map for these species.) The low level of detectable sequence length variation in D. pseudoobscura is in sharp contrast to the frequency of lines of D. melanogaster that carried an insertion or deletion in the Adh region (80%) (Aquadro et al. 1986) . Examination of other regions in D. melanogaster has also revealed substantial levels of insertion/ deletion polymorphism (see, e.g., the 87A heat-shock-gene region; Leigh-Brown 1983) .
Haplotype Diversity
Haplotype diversity measures variability as the expected heterozygosity of multisite genotypes (haplotypes; Nei and Tajima 198 1). If only one genotype is present in the population, then the haplotype diversity is zero. If every chromosome is unique, then the haplotype diversity is one. The AH population of D. pseudoobscura has a haplotype diversity of one for the 32-kb Adh region. If we consider only the 13.3-kb region of the D. pseudoobscura restriction map homologous to that examined in D. melanogaster (map coordinates -7.5 to 5.8; Langley et al. 1982; Aquadro et al. 1986) , the diversity index decreases only slightly, to a value of 0.985. In contrast, haplotype diversity for restriction-site polymorphism is 0.856 in D. melanogaster. Haplotype diversity for sequence length variation was 0.204 in D. pseudoobscura, again in marked contrast to the situation in D. melanogaster, in which it was 0.9 17.
Random Association of Restriction Sites
Extensive recombination among divergent genotypes and the resultant randomization of variation at adjacent polymorphic sites along the chromosome can contribute to high haplotype diversity. We therefore tested whether restriction sites were associated randomly in haplotypes. Our measure of nonrandom association is D', the ratio of the observed linkage disequilibrium D, to its theoretical maximum, D,,, (Lewontin 1964) . All pairwise comparisons between restriction sites were made provided the frequency of the restriction site (+) was ~20% and ~80%. Restriction sites whose frequencies were >80% or ~20% were excluded because the probability of sampling all four gametic types between any two such restriction sites is small, regardless of the extent of random association. Observed values of D are related to the x2-statistic with 1 df. Only one of the 28 pairwise comparisons indicated significant nonrandom association (table 2). The null hypothesis of random association may not have been rejected in the bulk of the comparisons because the power of the test was reduced owing to small D values and small sample size (Chakraborty 1984 nonrandom associations for a data set in D. melanogaster that was of comparable size (Langley et al. 1982) . A sample of 22 chromosomes from a D. melanogaster population in Rhode Island also had many more significant nonrandom associations than did D. pseudoobscura (Aquadro et al. 1986) . Thus, the higher number of nonrandom associations in D. melanogaster were not simply the result of a larger sample size increasing the power of the test. In the absence of recurrent or reverse mutation in an infinite-sites model, the only way to generate all gametic types (+ +, + -, -+, --) is by means of recombination (Hudson and Kaplan 1985) . We see all four gametic types in 25 of 28 pairwise comparisons of restriction sites in D. pseudoobscura. Thus, our data indicate that recombination has generated all gametic types, provided that the probabilities of parallel losses and parallel gains of restriction sites are small. These results stand in sharp contrast to the strong nonrandom association observed among restriction sites and ADH allozymes in D. melanogaster (Aquadro et al. 1986 ).
Phylogeny
The recombination-based randomization of sequence variation in the Adh region of D. pseudoobscura makes construction of a maximum-parsimony tree (Fitch 1977) for these haplotypes extremely difficult. Given the small number of polymorphic sites relative to the extensive amount of recombination, distinguishing between parallel/ convergent events and recombination events becomes very difficult (Aquadro et al. 1986; Stephens 1986) . Therefore, we have used a phenetic approach to summarize the relationships among the 20 lines of D. pseudoobscura, the D. persimilis line, and the D. miranda line (fig. 2 ). This phenogram was produced by applying the unweightedpair-group method of analysis (UPGMA) clustering algorithm (Sneath and Sokal 1973, pp. 230-234) to a matrix of pairwise distance estimates calculated (using eq. 8 of Nei and Li 1979) from the restriction-map data. The D. miranda haplotype is the most divergent, differing from the D. pseudoobscura and D. persimilis lines by an estimated 4% of its nucleotides. Extensive divergence also exists among the D. pseudoobscura haplotypes, with divergence among many haplotypes being >,2%-3% ( fig. 2) . Perhaps surprisingly, both the pseudoobscura line from Bogota and the D. persimilis line cluster within the relatively diverse pseudoobscura haplotypes. The magnitude of differentiation among these three obscura-group species closely parallels the divergence in the Adh region among D. melanogaster, D. simulans and D. mauritiana of the D. melanogaster species group (Langley et al. 1982) .
Discussion
Allozyme studies have indicated roughly equivalent levels of protein polymorphism for populations of Drosophila pseudoobscura and D. melanogaster (Prakash et al. 1969; Kojima et al. 1970; Singh and Coulthart 1982) . These data suggest that the average levels of nucleotide polymorphism might also be similar in these two species. Our data, however, show that D. pseudoobscura populations harbor substantially higher levels of restriction-site polymorphism than do D. melanogaster populations, at least for the Adh region. This single population of D. pseudoobscura contains more nucleotide variation than do samples of D. melanogaster taken from around the world (Kreitman 1983; Aquadro et al. 1986; Cross and Birley 1986) . This direction of the difference is particularly surprising since ADH is reported to be electrophoretically monomorphic in D. pseudoobscura while D. melanogaster harbors two common and several rare ADH protein variants (see, e.g., Johnson and Denniston 1964; Singh 1976; Gibson et al. 1982) .
Despite the high level of restriction-site polymorphism in D. pseudoobscura, insertion/deletion variability was rare. This again contrasts strongly with the situation in D. melanogaster, in which sequence length variation, much of which is due to the insertion of transposable elements, is extensive (see, e.g., the Adh region [Aquadro et al. 19861 and the 87A heat-shock-gene region [Leigh-Brown 19831) . A possible explanation for the paucity of sequence length polymorphism in D. pseudoobscura is that this species has fewer numbers and/or families of transposable elements than does D. melanogaster. When the D. pseudoobscura genome is probed with transposable elements from D. melanogaster, only a few families of sequences are represented (Martin et al. 1983; Brookfield et al. 1984) . Of course, this may only indicate rapid divergence of these elements during the time since these two species diverged. It is also possible that D. pseudoobscura has a largely different set of elements than that found in D. melanogaster. A characterization of the nomadic sequence families in D. pseudoobscura is needed to distinguish between these hypotheses.
An explanation for the apparently higher level of nucleotide polymorphism observed in D. pseudoobscura is not immediately evident. Sampling across a number of genetically differentiated demes could inflate estimates of genetic variation. However, the expected nonrandom associations among restriction sites were not observed. In fact, the presence of each haplotype only once in the sample suggests that the effects of drift and inbreeding due to population subdivision and bottlenecks were negligible in the AH population of these flies.
The AH population appears to be old because a sufficient period of time has passed to allow recombination to generate all four gametic types for most pairwise comparisons of restriction sites in the Adh region. This is evidenced by the extremely high diversity of haplotypes and the lack of linkage disequilibrium. These results differ markedly from those obtained in D. melanogaster, in which restriction sites in the 13-kb region around Adh are in strong nonrandom association with both each other and the Adh allozyme (Aquadro et al. 1986) . These patterns in melanogaster may reflect the recent increase in frequency of the AdhF allele and the hitchhiking of adjacent sequences (Aquadro et al. 1986) . Perhaps a more meaningful comparison with D. pseudoobscura, therefore, would be made by removing the AdhF allele from the D. melanogaster data set. Doing this by analyzing only AdhS in D. melanogaster, we still find numerous significant nonrandom associations over the 13-kb region. Thus, the two species clearly differ in level and organization of DNA sequence variation over the Adh region.
Under the infinite-site model of neutral mutations, restriction-map variation can be used to estimate the population parameter 4N,cl, which is equal to per-nucleotide heterozygosity (see, e.g. Ewens et al. 198 1; Nei and Tajima 198 1; Hudson 1982) ; N, is the effective population size, and l.t is the substitution rate per nucleotide site. We have shown that the nucleotide heterozygosity for D. pseudoobscura is approximately four times that for D. melanogaster. Taken at face value, this difference suggests a higher rate of restriction-site change and/or a larger effective population size for D. pseudoobscura than for D. melanogaster. Clearly, more extensive sampling of populations-using larger numbers of restriction sites and, preferably, direct sequencingis needed before this conclusion can be accepted.
Drosophila persimilis, D. miranda, and D. pseudoobscura are sibling species, while the population in Bogota has been described as a subspecies of D. pseudoobscura (Ayala and Dobzhansky 1974) . Consistent with studies of morphology, chromosomal arrangements, protein polymorphism, and mating preference (reviewed in Lakovaara and Saura 1982) , D. miranda is the most divergent Adh haplotype ( fig. 2) . However, divergence among D. pseudoobscura haplotypes is also large, with one line (AH 162) nearly as divergent from other pseudoobscura lines as is the miranda haplotype. There are no clear clusters of alleles within pseudoobscura but rather a continuum of levels of divergence. While D. persimilis is clearly a distinct species on the basis of reproductive isolation (Powell 1983 , and citations therein), the one haplotype from this species that we analyzed is less divergent from many pseudoobscura alleles than are many of the other pseudoobscura alleles. This pattern may have resulted from introgression of pseudoobscura alleles into persimilis, as has been proposed for mitochondrial genes (Powell 1983) . However, we feel that the retention of ancestral polymorphism is a simpler and more reasonable explanation of our data.
Virtually all proposed mechanisms of cladogenic speciation involve the reproductive isolation, from other members of an ancestral taxa, of a subsample of individuals of a species. It is possible that the subsample may, in fact, often be quite large. Nonetheless, the allelic composition of the new species will contain a subset of those alleles segregating in the ancestral species. In fact, much of the initial divergence between closely related taxa may be due to alternative fixation or frequency shifts of alleles at ancestrally polymorphic loci. If substantial polymorphism exists in the ancestral gene pool, then some of the alleles captured in the new species may have separate evolutionary histories that substantially predate the cladogenic event (Tajima 1983; Takahata and Nei 1985) . In a highly polymorphic species such as D. pseudoobscura, populationsize bottlenecks and other mechanisms that reduce sequence variability in a species do not appear to have had a substantial effect. Hence, many of the polymorphisms probably predate the persimilis-pseudoobscura speciation. Thus, for closely related taxa that are highly polymorphic and/or have evolved from a highly polymorphic ancestor, allele phylogenies for single loci may not accurately reflect species phylogenies, since allele divergences may substantially predate the speciation event. Similar results have been discussed for mitochondrial DNA in the rodent Peromyscus (Avise et al. 1983 ; see also Neigel and Avise 1986) .
In summary, our data on levels and pattern of restriction-site variation for the Adh region indicate that the AH population of D. pseudoobscura has persisted as a large, random mating population for a very long time. The retention of a large amount of ancestral polymorphism, as reflected in our phylogeny of Adh-region haplotypes from D. pseudoobscura, D. persimilis, and D. miranda, also lends support to the hypothesis of the long-term stability of these populations. This conclusion is consistent with the distribution of electromorph frequencies at the esterase-5 and xanthine dehydrogenase loci in other California populations of this species (Keith 1983; Keith et al. 1985) . Our finding of substantially different levels and organization of DNA variation in pseudoobscura compared with those observed for the Adh and other gene regions in melanogaster was unexpected. Whether the lower levels of variability and higher nonrandom associations observed for D. melanogaster represent a nonequilibrium situation for this species or whether they reflect differences between melanogaster and pseudoobscura in population size, population structure, or the action of selection will be interesting to investigate. Of particular interest will be comparison of restrictionmap variation in other gene regions -and DNA sequencing of several alleles at the Adh locus itself.
